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C
urrent design guidelines for the venting of explosions in large length to diameter ratio
(L/D) vessels recommend the use of side-venting, but this is based on little
experimental data and therefore it was the objective of the present work to provide
further information and to compare the side-venting results to end-venting results in explosions
in large L/D ratio vessels. A number of pressure peaks were identi® ed and measured during the
different stages of the explosion. Compared to end-venting, side-venting further away from the
ignition point gave the worst performance whereas side-venting closer to the ignition point
gave a better performance. However, side-venting close to the spark only reduced the
maximum overpressure from 609mbar for end-venting to 409mbar, and for side-venting
further away from the spark the maximum overpressure increased to 686mbar.
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INTRODUCTION
Process plants contain large pipeline systems connecting
various reaction vessels, many of which are long relative
to their diameter (large L/D). Explosions within cylind-
rical containers of large L/D ratio are of concern for
con® gurations such as tunnels, ducts, silos, reaction
vessels and ¯ are stacks. Relief vents are often used to
protect industrial installations from explosion overpressure
by allowing unburnt and burnt gases to ¯ ow out into
the atmosphere. Current vent design methods (as sum-
marized by Lunn 1 ) are restricted in their application to
near cubical vessels with an L/D ratio less than three.
Therefore, there is a general lack of knowledge on the
pressure development and therefore on the vent design,
for explosions in vessels of L/D>3. Furthermore, design
guides such as NFPA 68 2 recommend the use of side-
venting but this is based on little experimental data. The
only data available to design engineers are those of
Rasbash and Rogowski3 ,4 where they investigated the
effects of supplementary side vents on the end-venting of
gas explosions in large L/D square-sections vessels. They
found a reduction in the maximum overpressure with the
side vent close to the ignition point and with the use of
multiple vents close to each other. The different stages of
the gas explosion were not detailed and there was no
study of side vents alone, as in the present work.
The objective of this work was to determine the in¯ uence
of a single side vent (with no end-venting) on the maximum
overpressure as compared to end-venting during explosions
in closed vessels of large L/D ratio. The different stages of the
explosion were also studied so that the important physical
events and the features controlling themaximum overpressure
could be identi® ed. The present work is concerned with
the venting of closed vessel explosions. The related problem
of the venting of pipelines is not the objective of the present
work, as this would require a ¯ owing mixture and large L/D
ratio vessels.
EXPERIMENTAL TECHNIQUES
The tests were carried out in a cylindrical vessel of
0.162m diameter constructed from 0.5m long ¯ anged
sections giving a total length of 3m and a length to diameter
ratio of 18.5, as shown in Figure 1. The explosion was
vented into two dump vessels of 0.5m diameter and 2.0m
long connected to another 0.5m diameter 1.0m long vessel
by a 1.5m long `U’ shaped 0.162mm diameter pipe. All
these vessels were ® lled with air at 1 atm (absolute) which
was used as a dump volume to allow safe venting
experiments in the laboratory. The vent was fully open
with no cover with an area equal to the vessel cross-
sectional area. The vent which connected the test tube with
the dump vessel was a 0.5m long `T’ piece of 0.162m
diameter and was mounted on the top of the 0.5m diameter
2.0m long vessel. An aluminium vacuum gate valve was
used to separate the test section from the dump vessel. The
initial pressure in both sections (test section and dump
section) was 1 atm (absolute) and the gate valve was opened
prior to the ignition of the explosion. The one atmosphere
gas/air mixture was formed by partial pressures and a
homogenous composition was achieved by circulating the
mixture in the explosion vessel using an external recircula-
tion pump. The mixture was then ignited with a spark, ¯ ush
with the end of the explosion vessel ¯ ange as shown in
Figure 1. The ¯ ame travel was recorded by a centre-line
axial array of mineral insulated, exposed junction, type K
thermocouples. The time of ¯ ame arrival was detected as a
sharp change in the gradient of the voltage output of
the thermocouple and in this way the average ¯ ame speed
between any two thermocouples could be calculated. The
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pressure variation was recorded using a series of KELLER
pressure transducers mounted at different positions in both
the explosion and dump vessels (PTa - PTe) as shown in
Figure 1.
In order to eliminate any dump vessel effects, the over-
pressures reported here were taken by subtracting the pressure
recorded by the pressure transducer in the dump vessel from
the pressure recorded by the pressure transducer in the test
section.This techniquewas validatedby undertaking free end-
vented explosions in the laboratory using a 76mm diameter
pipe. This pipe size gave safe vented explosions in the
laboratory. The results showed that the free end-vented
explosion had the same maximum overpressure (relative to
the atmosphere) as the explosionvented into the dump vessels
(relative to the dump vessel pressure). A fast (200kHz per
channel) 34 channel transient data acquisition system was
used to record the thermocouple and pressure transducer data.
Data analysis was carried out using FAMOS software.
Mixtures of 10% methane in air were tested. Each test was
repeated at least three times and average readings are reported
here. Typical test-to-test variations in the peak overpressure
for the same test geometry was 5% of the peak pressure.
RESULTS AND DISCUSSION
In order to predict the consequences of explosions in
large L/D vessels it is essential to understand the mechanism
by which overpressures are generated in vented explosions.
In this section the general features of explosions in large
L/D vessels for both side-vented and end-vented explosions
are studied and the different phases of the explosion
development are determined. Also, the maximum over-
pressures during the different phases of the explosion in
both side-vented and end-vented explosions are measured
and compared to each other. Furthermore, the ¯ ame speeds
as determined by the thermocouples are presented.
Pressure-Time History
The ¯ ame phenomena in large L/D ratio vessels with
venting is related to that in fully closed vessel explosions.
Phylaktou and Andrews5 have investigated these for
different L/D ratios and showed that there was an initial
fast `U’ ¯ ame that increases in peak ¯ ame speed with the
L/D ratio. This was followed by ¯ ame attachment at the wall
and a slower ¯ ame propagation but with strong pressure
oscillations, as shown in Figure 26. On this ® gure the rate of
pressure rise due to the initial ¯ ame acceleration is marked
as (dP/dt)1 whereas the rate of pressure rise after the ¯ ame
attachment to the wall is marked as (dP/dt)2. Gonzalez
7
recently computed the main features of an explosion with
very good qualitative agreement with the main features of
Figure 2. Pressure oscillations will be shown in this work to
be an important feature of vented explosions as well as the
initial fast `U’ ¯ ame.
The aim of side-venting is to reduce the overpressure
generated in explosions in large L/D vessels below the
levels that can be achieved with end-venting. Typical
pressure-time histories of side-vented explosions are shown
in Figure 3 for a mixture of 10% methane in air and with the
side vent placed at 1.25m and 1.75m from the spark.
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Figure 1. Experimental set-up.
Figure 2. Typical pressure-time and ¯ ame position-time history of a 10%
methane/air explosion in a completely closed vessel of L/ D = 18.7.6
The initial overpressure, P1 , was due to the initially
elongated ¯ ame observed in large L/D vessels where the
¯ ame accelerates along the tube and is associated with high
¯ ame speeds due to the large ¯ ame surface area5 . Once the
¯ ame `skirt’ reaches the tube wall, a large part of the ¯ ame
quenches at the wall, leaving a hemispherical ¯ ame of much
reduced area. The rate of production of burnt gas volume
rapidly decreases due to the large reduction in ¯ ame area,
which is also associated with large heat losses due to the
burnt gas contact with the vessel walls, and thus the internal
pressure falls. Up to this stage only unburnt gas was being
vented out of the side vent. The turbulence of the gas ¯ ow
induced by the initial elongated fast `U’ ¯ ame gave rise to a
turbulent ¯ ame acceleration in the downstream section of
the vessel, resulting in the second peak marked as P2 in
Figure 3. The pressure fell when the ¯ ame reached the vent,
due to the onset of burnt gas venting out of the main vessel.
The overpressure, P3 , was due to the ¯ ame acceleration
through and downstream of the bend just prior to the vent
exit. Essentially the ¯ ame propagation through a `T’ piece
side vent is that of a ¯ ame propagating around a bend.
Phylaktou et al.6 have shown that a curved bend can
accelerate the ¯ ame by a factor of the order of three, due to
the increase in the surface area of the ¯ ame as it is stretched
round the bend.
The time of the ¯ ame exit from the pipe into the `T’ piece
side vent was recorded by a thermocouple on the centre-line
(as shown in Figure 1) and this is indicated in Figure 3 by
the broken line marked as to u t. This time has been slightly
adjusted to account for the small response time differences
due to the different positions of the pressure transducers
relative to the vent, for the two vent positions.The transducers
that registered the highest pressure were those located on the
face of the end-¯ anges of the vessel and these were used in
the present analysis.
When the ¯ ame exited through the vent, the cloud of
turbulent unburnt gas previously vented was ignited by the
emerging jet ¯ ame and a further pressure peak, P4 , was
observed due to the external explosion. The ® nal pressure
peak, P5 , was due to the onset of pressure oscillations in the
test section, during combustion of the trapped unburnt gas
between the side vent and the end of the vessels. The
pressure wave was ampli® ed each time it crossed the ¯ ame
front and the wavelength was set by the vessel length. The
peak amplitude occurred just prior to the ¯ ame arrival at the
end-¯ ange. The maximum value of these oscillations is
marked as P5 in Figure 3. This trapped unburnt gas, which
has to exit as burnt gas through the side vent, is a key
difference from the end-vented explosions. The ¯ ame
propagation from the side vent position to the far end
¯ ange was slow, as indicated by the time of ¯ ame arrival at
the end-¯ ange, and is marked in Figure 3 as te n d . This time
was 480ms for the vent at 1.25m from the spark while for
the 1.75m vent position it was 142ms. This large difference
in time was due to the lower ¯ ame speed over a larger
distance for the 1.25m vent position.
Figure 4 shows the pressure record for the end-venting
con® guration. In this case three pressure peaks were
observed; P1 , P2 and P4Ð which were due to the same
effects as for the side-venting discussed above. There was
no pressure peak due to the bend acceleration (P3 ) typically
observed with side-venting as well as the overpressure due
to the onset of pressure oscillations (P5 ) in the trapped
unburnt gas. In this case the external explosion (P4 ) was
observed to be the maximum overpressure in the system, due
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Figure 4. Pressure - time history of an end-vented explosion.
Figure 3. Pressure-time signals during side-vented explosions with vents at
1.25m and 1.75m from the spark.
to the large external unburnt gas cloud with end-
venting. End-venting produces the maximum size of
unburnt gas cloud outside the vent for a given L/D ratio,
compared with side-venting. Also, due to the high ¯ ame
speeds in the vessel the jet velocities through the end-
vent are high and the unburnt gas cloud is thus highly
turbulent.
Maximum Overpressures
The ® ve pressure peaks discussed above are shown in
Table 1 for the three different vent positions investigated in
this study. For end-venting the vent was placed at 3.0m
from the spark. It is clear that the vent position plays an
important role on the overall pressure development as well
as on the maximum overpressure. It can be seen that the
overpressure P1 was only slightly increased as the distance
of the vent from the spark increased, thus indicating that
almost the same ¯ ame area existed during the initial phase
of the explosion. The overpressure P2 for 1.75m side-
venting appeared to be the maximum overpressure as the
pipe turbulence had time to be established and it was
enhanced by the presence of the bend. In the case of 1.25m
side-venting the overpressure P2 was much lower as the
length of the pipe upstream of the vent was not suf® cient for
the development of pipe ¯ ow turbulence after the initial `U’
¯ ame attachment to the wall. The vent was placed
immediately after the ¯ ame attachment to the wall which
was accompanied by ¯ ame deceleration. This overpressure
was much smaller for the end-venting con® guration due to
the absence of the bend-induced ¯ ame area increase and
turbulence generation. The overpressure P3 which was due
to the bend acceleration was observed to increase with an
increase in distance of the side vent from the spark since
more unburnt gas was going through the bend.
The overpressure due to the external explosion (P4) was
increased with an increase in the distance of the vent
position from the spark. This was due to the additional
unburnt gas expelled through the vent with an increase in
the distance of the vent from the spark, together with an
increase in the vent ¯ ow jet velocity. The overpressure due
to pressure oscillations (P5) in the trapped end-gases
increased with an increase in the distance of the side vent
from the spark. The increase in P5 as the vent position was
moved further away from the spark was not expected, as for
the same vessel L/D ratio the trapped gases behind the vent
and the end of the vessel were reduced in size. However, the
¯ ame speed approaching the vent was higher as the vent was
positioned further from the spark, as will be shown later, and
thus the pipe ¯ ow turbulence was higher. This turbulence
and its associated faster ¯ ame also creates turbulence in the
trapped end-gases and increases the ¯ ame speed in this
phase of the explosion, as will be shown later. This faster
and more turbulent burning of the trapped end-gases can
explain the cause of the increase in P5 with an increase in
distance of the side vent from the spark.
Table 1 shows that the nearest vent position from the
spark gave the lower overpressures compared to the other
two vent positions. However, the maximum overpressures
were still relatively high and although a side vent close to
the spark did reduce the overpressure it was not a dramatic
effect.
If we consider a vessel of the same volume and vent area
as in the present tests but with an L/D=3 and of Kv = 3.27
(in which case two of the standard vent correlations, as
summarized by Harris8, apply) then these correlations
predict 70±100mbar overpressure (depending on the
correlations). This overpressure is signi® cantly lower than
all of the overpressures reported here. This is due to the high
induced unburnt gas velocities and turbulence in end-ignited
vented explosions in large L/D vessels. The venting of large
L/D vessels using a single vent of vent diameter equal to the
vessel diameter (Kv = 1) will always give a worse over-
pressure than an equivalent volume compact vessel with the
same vent area, irrespective of whether a side vent or an end
vent is used. The authors have also investigated the use of
multiple side vents, comparing one, two and three side vents
in the present vessel9. This work showed some reduction in
the maximum overpressure but even with three side vents
the overpressure which were obtained were higher than the
compact vessel results.
Flame Speeds
The centre-line ¯ ame speeds for side-venting as well as
for end-venting are shown in Figure 5 as a function of the
dimensionless axial distance from the spark, X/D. All these
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Table 1. Overpressures measured during the different stages of the explosion for different vent positions (mbar).
P1 P2 P3 P4 P5
Vent position (Initial phase) (Turbulence) (Bend acceleration) (External) (Oscillations) Pmax
1.25m 72 81 61 409 359 409
1.75m 78 686 329 530 559 686
End-venting 88 69 - 609 - 609
Figure 5. Flame speeds as a function of X/D for different vent positions.
vent positions had a similar maximum ¯ ame speed in the
vessel. However, the phase of the explosion that gave rise to
the maximum ¯ ame speed was different in each case. The
phases of the explosion discussed above in relation to the
pressure rise records have been marked on Figure 5. For
side-venting the initial `U’ fast ¯ ame portion of the
explosion was signi® cantly faster than for end-venting for
all stages of the explosion up to the ¯ ame attachment to the
wall. However, Table 1 shows that the peak overpressure at
this stage of the explosion was higher for end-venting,
which implies a higher mass burnt rate. To achieve a higher
mass burnt rate but slower ¯ ame speed with end-venting
implies a greater ¯ ame area. Thus the in¯ uence of the side
vent is to distort the initial `U’ ¯ ame, possibly forcing
the `U’ ¯ ame to attach to the wall earlier, on the vent side
of the pipe. This would reduce the ¯ ame area by a factor
of 2 or more. Clearly, full optical visualization is required
to understand the initial ¯ ame propagation and vent
interactions.
Figure 5 shows that for the 1.75m side vent position the
¯ ame acceleration due to pipe ¯ ow turbulence, marked as
event 2, is absent for the 1.25m side vent position.This peak
¯ ame speed occurred further downstream for end-venting,
but was of a similar magnitude. The trapped gas ¯ ame
propagation close to the end-¯ ange was of a high velocity
for the vent at 1.75, indicating that turbulence was induced
in these end-gases by the faster ¯ ame, as discussed above.
CONCLUSIONS
The effect of side-venting at two different vent positions
was quantitatively determined and compared to end-
venting for a vessel of an L/D ratio of 18.5. A number of
pressure peaks were identi® ed and measured during the
different stages of the explosion. Compared to end-venting,
the side-venting at 1.75m from the spark gave the worst
performance whereas the side-venting at 1.25m from the
spark gave a better performance. However, the reduction in
overpressure achieved by placing the side vent at 1.25m
from the spark was not large and the overpressures obtained
in this large L/D con® guration were signi® cantly higher
than those predicted for an equivalent volume but small L/D
vessel with the same vent area.
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